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I. Overview

Heavy Ion Research Facility in Lanzhou (Lanzhou Heavy lon Accelerator, HIRFL),
operated by the Institute of Modern Physics, Chinese Academy Sciences (IMP), is the largest
heavy ion research facility in China and one of a few large-scale full-ion accelerating systems
in the world, which can accelerator ions from hydrogen to uranium to high energy for
domestic and growing international user-communities. HIRFL comprises a number of
conventional and superconducting magnet Electron Cyclotron Resonances (ECR) ion sources,
the Sector Focused Cyclotron (SFC), the Sector-Separated Cyclotron (SSC), the experimental
Cooler Storage Ring (CSR) which is a multi-purpose research system consisting of a Main
Ring (CSRm), an Experimental Ring (CSRe)and a radioactive beam line (RIBLL2)
connecting the two rings, a fragment separator — the radioactive Ion Beam Line (RIBLL1) and
some experimental devices, etc.. It has worked on nuclear physics, atomic physics, heavy ion
applications and interdisciplinary researches. Based on HIRFL, IMP dedicates to fundamental
researches in nuclear physics, nuclear astrophysics and atomic physics, including high
precision mass measurement of short-lived nuclides, nuclear structure and reaction, properties
of nuclear matter, synthesis of new heavy isotopes, chemistry of super-heavy elements,
nuclear reaction in stellar environment, spectroscopies and interactions of highly-charged
ions.

The SFC is the 1.5m classic cyclotron built in 1962 and later upgraded into a 1.7m
Sector Focus cyclotron. Running alone, it can provide beams for low energy heavy ion
physics studies.

In December 1988, Lanzhou Heavy lon Accelerating System (SFC+SSC), designed and
constructed by IMP, was completed and put into operation. In August 1991, the National
Laboratory of Heavy lon Accelerator of Lanzhou was approved by the State Planning
Committee and opened to the public.

In July 1997, a middle energy radioactive ion beam line (RIBLL) with innovative
structure was constructed at HIRFL, which has paved the way for the research on radioactive
ion beam physics in China. With the superconducting ECR ion source built in 2005 having the
best performance in the world at that time, the operation of HIRFL has reached an
internationally advanced level. In June 2005, the successful acceleration of the uranium ions
was carried out.

The Heavy lon Research Facility in Lanzhou-Cooler Storage Ring (HIRFL-CSR) was
commissioned in 2008. The HIRFL-CSR is a multi-functional facility, not only accumulating
and cooling but also accelerating heavy ions from Carbon to Uranium up to 1 GeV/u to
hundreds of MeV/u. Internal target experiments with highly charged ions, external target
experiments with both extracted stable and radioactive beams and high precision mass
measurement experiment have been carried out. It can provide experiment complex for
research in heavy ion physics and its interdisciplinary subjects in China.

IMP has achieved many innovations at HIRFL over the past year: 30 plus new nuclides
have been synthesized for the first time in the world, among which two are super-heavy
nuclides; the mass of 35 radioactive nuclides have firstly been measured in the isochronous
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mode and the relative measurement precision of more than fifty nuclides has increased; the
independently researched and developed heavy ion medical machine (HIMM) has realized
the zero breakthrough of domestic heavy ion therapy equipment; new species and strains of
several crops have been fostered by utilizing heavy ion irradiation induced mutation; and that
the popular plantation of optimized sweet sorghum in western china has developed into
industrial chain, contributing to the regional economic development.

I1. Research progress and results
Significant results and achievements at HIRFL — 2019

China’s First Self-developed Carbon-ion Treatment System Gets Approval for
Registration and Market Access

On Sept. 29, 2019, China’s carbon-ion treatment system, which is self-developed by the
Institute of Modern Physics, Chinese Academy of Sciences (IMP) and its holding company
-Lanzhou Kejin Taiji Corporation, LTD., obtained the approval of the National Drug
Regulator for the Class-III Medical Device Product registration. It is the first time that the
National Medical Products Administration has approved a domestically produced carbon-ion
treatment system.

Since 1993, through the research and development of advanced accelerator technology
and nuclear detection technology, basic biological researches related to heavy ion beam
therapy and the accumulation of pre-clinical research conducted in cooperation with relevant
medical institutions, IMP has cultivated a high-level team of the heavy ion therapy technical
team and mastered relevant core technologies. It is installed in Wuwei Cancer Hospital in
Gansu province.

This system realizes a zero breakthrough of domestic heavy ion therapy facility.
Meanwhile, it improves the cost-effectiveness and reduced the operation and maintenance
expenses.

Fig. 1 Carbon-ion therapy system — Synchrotron
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New isotope 220Np: probing the robustness of the N = 126 shell closure in neptunium

The examination for the persistence of shell effects for nuclei far from stability is an
intriguing topic in contemporary nuclear physics, While the onset of deformations together
with the weakening of magic shell effect in most proton-rich isotones with neutron number
N=126 was expected, the extension of nuclei in this region of the nuclear chart is undoubtedly
interesting for checking the nuclear shell model.

In this work, a research team led by Prof. GAN Zaiguo from the Institute of Modern
Physics, Chinese Academy of Sciences reported the discovery of a new nucleus **Np with
proton number Z=93 and neutron number N=127. The experiment was carried out on the
gas-filled recoil separator SHANS at HIRFL in Lanzhou. Eight correlated alpha-decay chains
from **° Np were identified significantly. Their decay-energy spectra and decay-time
distributions for each chain member are shown in Fig. 2. The measured alpha-decay
properties (see Fig. 3) of the new neptunium isotope as well as the recently reported 219. 283N,
around the N=126 closed shell and 11 protons above the well-known doubly magic center
298pp, (Z=82, N=126), allowed us for the first time to test the stability of the N=126 shell
effect in Np isotopes. In addition, the new results indicated that, in the region of nuclei with Z
=83, the proton drip line has been reached for all odd-Z isotopes up to Np. Prior to this work,
the last identification of the proton drip line in this mass region was for Z=91 protactinium in
1995, more than twenty years ago.

This work has been done in collaboration with research institutes and universities from
China and Russia, totally 9 research organizations, which was supported by the National Key
R&D Program of China, the Key Research Program of the Chinese Academy of Sciences, the
National Natural Science Foundation of China, the Chinese Academy of Sciences, the Natural
Science Foundation of Guangxi, and the Russian Foundation for Basic Research.
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Fig. 2 Left: Energy spectra of the correlated decay events from **’Np. Right: Decay-time
distributions for each chain member.
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Fig. 3 Systematics of (a) a-decay Q, values, (b) partial a- decay half-lives T% ), of g.s. to g.s.
transitions for neutron- deficient 89 < Z < 93 isotopes, and (c) proton separation energies S,
for odd-Z Ac, Pa, and Np isotopes as a function of neutron number.

Progress on B-decay protons spectroscopy research

B-decay spectroscopy provides valuable nuclear physics input for accurate modeling of
nova and x-ray burst observables and a stringent test for shell-model theories far from the
stability line. The decay scheme of *’S is complicated and far from being understood due to a
lack of experimental data prior to this work.

Researchers from the China Institute of Atomic Energy, the Institute of Modern Physics
of Chinese Academy Sciences, Peking University, Hong University, Shanghai Jiao Tong
University, Guangxi Normal University, etc. made the latest progress in B-delayed proton
spectroscopy research.

The researchers measured the B-delayed y-ray spectrum of *’S and B-delayed proton
spectrum with the highest statistical so far by using self-designed and developed detection
system composed of several DSSDs and Quadrant silicon detectors, constructed the relatively
complete decay scheme of 'S, and gave the *’P quality measurement value with the highest
accuracy compared with the result of theoretical shell-model calculations. Based on the new
experimental results, it was found that the calculated thermonuclear %Si(p, Y )*'P reaction
rates was far lower than that recommended in REACLIB astronomical databases.

The work is supported by the National Key R&D Program of China, the National
Natural Science Foundation of China, the Youth Innovation Promotion Association of Chinese
Academy of Sciences, the China Postdoctoral Science Foundation and the Office of China
Postdoctoral Council under the International Postdoctoral Exchange Fellowship Program
(Talent-Dispatch Program).
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Fig. 4 Left: Decay scheme of *’S. All the energies, mass excesses, and intensities labeled in
the scheme are deduced from the present work except for the mass excess of *°Si. The proton
emissions to different *°Si states are indicated by using different shades of red (gray). Right:
2" levels populated in *’S B decay obtained from a USD shell-model calculation

Progress on the high precision dielectronic recombination spectroscopy experiment with
F-like **Ni"”*

Electron-ion recombination is one of the most important collision processes in the
plasma. Accurate recombination rate coefficients are the basic input parameters for the plasma
model in astrophysics and fusion science. Radiation associated with dielectronic
recombination (DR) is usually used to probe the plasma properties, such as electron density
and electron temperature. In addition, atomic energy levels can be obtained by analyzing the
resonant features. Further studies, such as QED test, isotope shift measurement and hyperfine
induced (HFI) transitions, can be approached with high precision DR spectroscopy. Storage
rings equipped with electron coolers serve as ideal platforms for electron-ion collision
experiments, in particular for the recombination at low collision energies.

Researchers from University of Science and Technology of China (USTC), Institute of
Modern Physics of Chinese Academy of Sciences, Giessen University (Germany), Fudan
University and Northwest Normal University have performed DR experiments with F-like
*Ni'* at the cooler storage ring (HIRFL-CSRm). DR spectrum in the energy range 0-160 eV,
including all the DR channels associated with AN = 0 core excitations, is obtained. The
parallel and perpendicular electron temperatures are kgT, =0.56(0.05) meV and kgT. = 23(1)
meV, respectively, according to the fitting of the low energy spectrum. The experimental
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results are compared with the theoretical calculation with Flexible Atomic Code (FAC) in
detail. The origins of all the resonance features are analyzed. Moreover, we have deduced the
plasma recombination rate coefficients and compared with the present as well as the previous
theoretically calculated data. The experimental results constitute a set of benchmark data for
use in plasma modeling.

The work is partly supported by the National Key R&D Program of China, the National
Natural Science Foundation of China, the Strategic Priority Research Program of Chinese
Academy of Sciences, the Key Research Program of Frontier Sciences and the Youth
Innovation Promotion Association of Chinese Academy of Sciences.
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Fig. 5 (left panel) Recombination spectrum of 0-6 eV. Black dotted line is the experimental
result; red solid line is the calculation with FAC; blue solid line is the contribution of radiative
recombination (RR); vertical bars are the calculated resonance positions. (right panel) Plasma
recombination rate coefficients as a function of electron temperature. Black solid line is the
experimentally derived data; the red lines (solid: present; dash: Gu 2003) are the calculated
ones with FAC. The others are the previous calculations.

Selectively enhanced ion transport in graphene oxide membrane/PET conical nanopore
system

Graphene oxide (GO) in the form of partially oxidized graphene has attracted great
attention as a new functional material because of its atomically thin thickness,
two-dimensional structure, high strength and chemical stability. In this paper, the ultrathin GO
membrane (GOM) is spin-coated on PET conical nanopore which can not only support the
GOM but also possess ion rectification effect. It is confirmed that the existence of GOM
enhances the cation transport but depresses the anion, which gives rise to enhanced ion
rectification effect. COMSOL simulation proves that the GOM can collect cations from
reservoir and act as cation source for selective ion transportation in PET conical nanopore.
The GOM/PET conical nanopore can display good selective ion transport features in a wider
pH range than pure PET conical nanopore because of the chemical stability of graphene oxide.
Finally, we believe that the combination of GOM and conical nanopore is a facile design that
not only can magnify the ion rectification effect of conical nanopore but also can selectively
increase the ionic current, which makes the GOM/PET conical nanopore hold great potential
in nanofluidic sensor design and high-efficiency separation membrane production.
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Fig. 6 (a) The schematic picture of ion transport through GOM/PET conical nanopore (b) The
ionic transport properties of PET conical nanopore and GOM/PET nanopore

Graphene electrical properties modulated by swift heavy ion irradiation

The electrical properties of graphene have attracted much attention since its first
successful isolation from the bulk graphite by mechanical exfoliation method.
Excellent electrical, thermal and optical properties make graphene a very suitable
alternative for the silicon. However, the electronic properties of graphene are expected
to be strongly influenced by the presence of defects. Several researchers have shown
that electron-beam and energetic ion irradiation induce shift in charge-neutral point
(CNP) and degrade the performance of the graphene field effect transistors (GFETS).
The mechanism behind this process is controversial and unclear so far.

SHIs (1.79 GeV Ta) provided by the accelerator HIRFL at IMP were used to irradiate
GFETs. It was found that at lower fluence (10°-10' ions/cm?), the SHIs irradiation can
effectively optimize the performance of GFETs, while at higher fluence (~10'" ions/cm?®), the
electrical properties of the devices were significantly deteriorated after the irradiation process.
As shown in Fig.4 (a) and (b), the improvement of electrical properties of GFET more easily
occurs when L/W is lower than 5 and the irradiation fluence is in the range of 1< 10’ ions/cm”
- 4% 10" jons/cm®. Tt was found that the competition among various factors such as the
doping, local annealing and defect creation dominates the GFET performance. This work
explores the best conditions for improving the electrical properties of GFETs and provides a
significant reference data for the utilization of graphene based irradiated devices in aerospace
electronics.
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Fig. 7 (a) relative resistance as a function of graphene shape (L/W) and ion fluene. (b)
evolution of relative mobility for the holes (un/uo) with L/W and ion fluence.
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II1. Construction, operation and upgrading

In 2019, HIRFL has been operated for about 7392 hours, including 438.5 hours for the
accelerator study and 5312 hours for 182 experiments on the targets. The operation efficiency
is about 71.43%. In this year, 2671.5 beam hours were used for the nuclear and atomic
physical experiments, 2065 beam hours for the material sciences, 191.5 beam hours for life
sciences (biological sciences), and 384 beam hours for space sciences.

HIRFL has provided 25 kinds of heavy ion beams for various experiments, especially, 17
kinds of which were provided for the experiments firstly by HIRFL (detailed in Table 1) in
this year. A summary of the HIRFL operation is shown in Table 2.

Table 1. the Typical lon Beams Provided by HIRFL in 2019

SFC SSC CSR
No. energy current current energy current at current at
fon (Mevi) | (pa) TS VD 1 (Meva) | CSRm (pA) [CSRe (pa)
1 KPP s 4 418-472.3  600-1200  IRH
2 MK 5 3.5 5 200
3 ke 4 3 4 150
4 [‘He* 10.5 6
5 [Bc*t 495 4 55 0.3
6 [*Ctt 7 3 80.55 0.15
7 A" 4.96 3.5
g8 [P0 6.3 3
9 MAr'* 6.17 3
10 [*Ar'™ 4.03 3
11 *ca'* 6.17 2.4 6.17 100
12 *ca™" 6.17 2.8 6.17 100
13 "Ta® 1287 0.28 13.5 0.023
14 ["®0°®* 5.361 10 60 0.6
15 [*ke'"*" 2345 2 25 0.05
16 "B 2 3 140 80
17 ¥Bi¥™ 1 1.5 1 3
18 12C4+ 7 3
19 [°Fe'™ 6.3 1
20 ¢t 4.906 2
21 |PC 4.2 3
22 *Ne” 6.17 3.5
23 PR 5 5.2 80 500 500
24 [*Ar™ 0.58 9 5.98 0.3
25 [MKr** 5.5 1.5
kek

the ions marked in red color were provided firstly by HIRFL in 2019.
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Table 2: Distribution of HIRFL Operation Time in 2019

Operation time distribution Time (h) Percentage (%)
Total operation time 7392 100
Failure time 208.5 2.8
Preparation of beam 586.5 7.9
Beam testing 830 11.21
Other time 16.5 0.2
Target beam time 5750.5 77.8
Nuclear physics 2671.5 46.5
Material sciences 2065 35.9
Biophysics 191.5 33
Space sciences 384 6.7
Machine study 438.5 7.6

IV. Scientific & technical personnel and talent training

The total number of staff for HIRFL is up to 446, composed of 250 operating and
maintaining staff, 174 researchers and other 11 employees. 235 out of the 446 have senior and
141 have intermediate title. In addition, regarding to the postgraduate education at IMP in
2019, up to 73 students have graduated from IMP with a doctoral degree or a master degree
whereas 416 students have been doing their postgraduate work.

In order to train, attract and keep talented personnel, the Institute of Modern Physics,
Chinese Academy of Sciences (IMP) has taken a series of effective measures. The “Huang He
Zhi Zi” project for talents is implemented, “IMP Award for Young Talent in Science and
Technology” and “Foundation of Director” are initiated; second, young talents are assigned
important tasks in major projects to make them experienced; third, the good opportunities of
international cooperation are fully enjoyed to jointly foster practical and creative talents of
science and technology with celebrated institutions and prestigious universities around the
world.

V. Cooperation and exchange

This year, totally 406 researchers and staff at IMP have gone abroad to attend
international conferences, visit the long-term collaborative and international research
organizations and participate in or conduct the international cooperative researches and
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experiments. Meanwhile, researchers from all over the world are warmly welcomed to IMP
for studying, doing experiments or for making the research presentations or lectures.
Significantly, in this year, IMP has established the long-term international collaboration
relationships with CERN in Switzerland, JINR & FLN in Russia, CNS and NAS by signing
the Memorandum of Understanding. Furthermore, the 18™ International Conference on Ion
Sources was successfully held by IMP, in Lanzhou, China; this is a biennial international
event in the ICIS series after recent three conferences hosted in Geneva, New York City, and
Chiba, respectively. After 6 years, this conference turns to Asia again. It was the second time
that this event had been hosted in China after the ICIS1993 in Beijing hosted by PKU. (Group
Pic. see Fig. 8)

Fig. 8 the 18" International Conference on Ion Sources (ICI1S2019)

From May 18™ to 19" 2019, the 15™ Public Science Day organized by the Heavy Ion
Research Facility in Lanzhou (HIRFL). In this event HIRFL received more than 5000 visitors.

Fig. 9 the 15™ Public Science Day organized by HIRFL
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On May 18th, 2019, the self-developed Carbon-ion Treatment System and the
Accelerator Driven System by IMP were exhibited during the 2019 National Science and
Technology Week at the China People’s Revolution Military Museum, Beijing, China.

In September 2019, HIRFL was exhibited in the achievements exhibition for celebrating
the 70th anniversary of the founding of the People’s Republic of China at Beijing Exhibition
Center, Beijing, China.

In November 2019, Innovation achievements exhibition for celebration the 70th
anniversary of the founding of the Chinese Academy of Sciences (CAS) was held in the
National Science Library, Chinese Academy of Sciences. HIRFL, Synthesis of new isotopes,
High-accuracy Mass Measurements of short-lived exotic nuclides, the Carbon-ion Treatment
System, advanced nuclear energy system, etc. were selected for the exhibition.

V1. Chronicle of events

On Jan. 24" 2019, the latest operational superconducting magnet ion source —
SECRAL-II made a new world record of the same highly charged ion sources with single
continuous operation without interruption, which has provided more than 1000 hours of stable
ion beams for HIRFL.

On Jan. 26™, 2019, Annual HIRFL Beam Review Meeting was held in Lanzhou.

From May 19" to 20", 2019, the 15™ Public Science Day was successfully organized
with the theme of “S&T Innovation strengthening the Nation and enriching the people” at
IMP.

On May 31*, 2019, NLHIRFL ion beam irradiation materials academic seminar was held
in Lanzhou, China.

From Sept. 1% to 6™, 2019, the 18th International Conference on lon Sources was
successfully held by IMP, in Lanzhou, China.

On Sep. 29" China’s first Carbon lon Cancer Treatment System was approved and
registered for market by National Medical Products Administration, which was installed at the
Wuwei Tumour Hospital in Wuwei, Gansu Province.

On Dec. 27", the joint commissioning of the first highly charged heavy ion linear
accelerator with continuous wave for SSC (SSC-Linac) designed and fabricated by IMP and
SSC was accomplished. 5.98Mev/u *’Ar’* ion beam has been successfully extracted. It marks
the new era of multi-injectors for HIRFL.
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